The discovery of microRNA (miRNA) has provided new and powerful tools for studying the mechanism, diagnosis and treatment of human cancers. The down-regulation of tumor suppressive miRNA by hypermethylation of CpG island (CpG is shorthand for 5 -C-phosphate-G-3 , that is, cytosine and guanine separated by only one phosphate) is emerging as a common hallmark of cancer and appears to be involved in drug resistance. This review discusses the role of miRNA and DNA methylation in drug resistance mechanisms and highlights their potential as anti-cancer therapies in Anaplastic Lymphoma Kinase (ALK)-positive lymphomas. These are a sub-type of non-Hodgkin's lymphomas that predominantly affect children and young adults and are characterized by the expression of the nucleophosmin (NPM)/ALK chimeric oncoprotein. Dysregulation of miRNA expression and regulation has been shown to affect several signaling pathways in ALK carcinogenesis and control tumor growth, both in cell lines and mouse models. These data suggest that the modulation of DNA methylation and/or the expression of these miRNA could serve as new biomarkers and have potential therapeutic applications for ALK-positive malignancies.
Introduction
Cancer initiation and progression is controlled by both genetic and epigenetic events. Epigenetic alterations are reversible and heritable modifications that influence gene expression and phenotype without changing the DNA sequence. Recent advances in epigenetics have not only offered a deeper understanding of the underlying mechanisms of carcinogenesis and cancer progression, but have also allowed the identification of clinically relevant putative biomarkers for early detection, disease monitoring, prognosis and risk assessment in patients [1, 2] .
Cancer epigenetics have shown extensive reprogramming of two interconnected epigenetic mechanisms, DNA methylation, and histone modifications. In addition, non-coding RNA, specifically microRNA (miRNA) expression is intimately involved in the repressive chromatin state [1] . Thus, enzymes involved in epigenetic modifications, such as DNA methyltransferases (DNMTs) or histone deacetylases (HDACs) and miRNA, have emerged and are considered as potential targets for cancer prevention and therapy [2] .
Peripheral T-cell lymphomas (PTCLs) are a heterogeneous group of nodal and extranodal tumors that account for 10 to 15% of all non-Hodgkin lymphomas (NHLs). The three most common subtypes
microRNA in ALCL
The biogenesis of miRNA involves a complex process with multiple steps. miRNA genes are initially transcribed by RNA polymerase II to form primary-miRNA with hairpin structures. The DROSHA-DGCR8 enzyme complex then cleaves these primary-miRNA into precursor-miRNA, which are subsequently transported to the cytoplasm by Exportin-5 (XPO5) and cleaved by DICER to yield miRNA duplexes. One strand is then chosen to function as mature miRNA and is loaded into the RNA-induced silencing complex (RISC), whereas the partner miRNA* (the "*" notation indicates the passenger strand of the duplex) is degraded. Mature miRNA (miRNA) are 20-25 nucleotide-long non-coding RNA that induce the translational repression and/or degradation of target mRNA, thereby acting as negative regulators of gene expression [23, 24] . MiRNA bind to the 3 untranslated region of specific mRNA sequences. This interaction can lead to either targeted mRNA cleavage of targeted mRNA or repression of mRNA translation, in both cases resulting in reduced levels of the encoded protein. It has been predicted that miRNA account for 1-5% of the human genome and regulate at least 30% of protein-coding genes [25] . To date, 1881 distinct miRNA have been identified within the human genome (http://microrna.sanger.ac.uk). miRNA are known to be involved in many important biological processes, including different stages of hematopoietic development, regulation of cell differentiation, and apoptosis. In some tumors, including tumors of the hematopoietic and lymphoid tissues, altered miRNA expression is commonly observed, implying that miRNA may be involved in the hematological development of leukemia and lymphomas [24] . The role of miRNA in the process of malignant transformation has been well characterized. They can act as oncogenes and tumor suppressors depending on the cellular functions of their targeted gene [23] . In contrast to mRNA, miRNA are abundant not only in tissues but also in body fluids such as blood or urine. This easy accessibility through non-invasive liquid biopsies makes miRNA promising biomarkers in cancer screening [26] . Thus, expression profiling of miRNA is proving to be clinically relevant in cancer diagnosis, progression and outcome.
microRNA as Molecular Signatures of ALK-Positive ALCL
Based on the expression of miRNA, several studies have identified different gene signatures distinguishing ALK(+) from ALK(−) ALCL [27] [28] [29] [30] [31] [32] [33] [34] [35] . This discrepancy could reflect the variability of (i) ALCL models used in these studies-ALK(+) cell lines: SU-DHL-1, KARPAS-299, SR-786, SUP-M2/TS, JB-6, L82, KiJK, DEL, Pio and COST; ALK(−) cell lines: FE-PD, Mac1 and Mac2A [36] ; Formalin-Fixed/Paraffin-Embedded (FFPE) tumor samples from both ALK(+) and ALK(−) ALCL and NPM/ALK transgenic mice-and (ii) methods employed to detect miRNA (microarrays, next generation sequencing or real time RT-PCR analyses). Only a limited number of miRNA seems to discriminate ALK(+) from ALK(−) ALCLs. Compared to ALK(−) ALCLs, miR-203, miR-135b, miR-886-5p/3p, miR-20b, miR-106a and miR-183 were significantly upregulated in ALK(+) ALCLs while others (miR-155, miR-181a, miR-210, miR-29a/b, miR-342-5p/3p, miR-369-3p miR-374a/b, miR-423-5p, miR-625, miR-205, miR-146a and miR-26a) were down-regulated (Table 1) . , miR-501-3p, miR-507, miR-508-5p, miR-509-5p, miR-510, miR-511, miR-512-5p, miR-513-5p, miR-515-3p, miR-516a-5p, miR-516b, miR-517b, miR-518a-5p, miR-518c, miR-518d-3p, miR-518f, miR-519e, miR-520a-3p, miR-520b, miR-520d-5p, miR-520e, miR-523, miR-524-5p, miR-525-5p, miR-526b, miR-541, miR-544, miR-545, miR-548a-3p, miR-548a-5p, miR-548b-3p, miR-548b-5p, miR-548c-5p, miR-548d-5p, miR-556-3p, miR-556-5p, miR-561, miR-570, miR-576-3p, miR-582-5p, miR-590-5p, Furthermore, two studies have sought to determine an ALK-associated miRNA signature. The first one used a knockdown experiment and identified 32 miRNA that are differentially regulated in the SUP-M2/TS ALK(+) cell line (23 upregulated and nine downregulated) [29] . Several of the upregulated miRNA, such as the miR-17~92 cluster, are known to promote cell proliferation. In the second study, in addition to the knockdown of ALK, the authors investigated the implication of STAT3 in the ALK-dependent miRNA signature [34] . Using inducible sh-RNA targeting either ALK or STAT3 in the SUP-M2/TS cell line, this later study showed that a significant number of miRNA are co-regulated by ALK and STAT3 [30] . These results point out STAT3 as an essential effector in miRNA regulation by ALK. Surprisingly, only few miRNA identified as part of the signature distinguishing ALK(+) ALCL from T-cells or ALK(−) ALCL were affected by ALK knockdown: miR-20b, miR-106a, miR-886-5p and miR-181a. However, it is important to note that this study was conducted on a single cell line (SUP-M2/TS) and, as a consequence, could reflect the particularity of this cell line and by extension the uniqueness of the patient that the cell line was derived from. As an illustration of this concept, Steinhilber and colleagues showed only a partial overlap of dysregulated miRNA when 3 ALK(+) ALCL cell lines (SU-DH-L-1, KARPAS-299 and KiJK) were compared to T-cells or ALK(−) ALCL (Tables 2 and 3) .
Nevertheless, high-throughput studies of miRNA in ALCL have begun to unravel the signaling pathways involved in the regulation and effects of various miRNA in the development of this cancer.
Tumor Promoter microRNA in ALK-Positive ALCL

The miR-17~92 Cluster
The miR-17~92 cluster families (miR-17~92 cluster itself and its paralog clusters miR-106a~363 and miR-106b~25) are part of the miRNA signature defining ALK(+) ALCL. First identified as being overexpressed in ALK(+) ALCL primary tumors and cell lines compared to T-cells and ALK(−) ALCL [33] , these miRNA were then studied in vitro for their role in the growth of ALK(+) ALCL cell lines [34] . The main findings of this study was that the forced expression of the miR-17~92 cluster could partially rescue STAT3 knockdown by sustaining the proliferation and survival of NPM/ALK(+) cells both in vitro and in a xenograft mouse model. It also induced the downregulation of the pro-apoptotic protein BIM, suggesting that the miR-17~92 cluster might mediate resistance to STAT3 knockdown by targeting BIM [34] . Furthermore, pharmacological TNF inhibition of STAT3, using the STAT3 inhibitor Stattic, decreased miR-17~92 cluster expression in all of the ALK(+) ALCL cell lines tested (SUP-M2/TS, JB-6, L82, and KARPAS-299). The same results in SUP-M2/TS cells were also reported by Liu and collegues [29] (Tables 2 and 3) . 
miR-135b
When analyzing the differences of miRNA regulation in ALK(+) versus ALK(−) cells following inactivation of STAT3 by shRNA-mediated ALK or STAT3 knockdown, miR-135b expression was most prominently altered, with a significant upregulation in ALK(+) ALCL cell lines and human primary ALK(+) ALCL samples compared to ALK(−) ALCL cells [30, 43] . MiR-135b targets the FOXO1 transcription factor in ALK(+) ALCL cell lines, which is critical as FOXO1 can promote the expression of the cell cycle inhibitors p21 and p27. Moreover, miR-135b suppressed the T-helper (Th) 2 master regulators STAT6 and GATA3, and inhibition of miR-135b suppressed the production of a Th17 pro-inflammatory cytokine, IL-17, by NPM/ALK cells. This indicates that miR-135b-mediated Th2 suppression may lead to the ALCL immunophenotype overlapping with Th17 cells [30] . In accordance with the pro-angiogenic function of IL-17, miR-135b inhibition also reduced tumor angiogenesis and growth in vivo (Table 3) .
Together, these data suggest that miRNA could sustain the oncogenic properties of STAT3 in ALCL and that STAT3 inhibition might represent an alternative avenue for interfering with ALK signaling in ALCL. Thus, the combination of a small molecule-based inhibitor of ALK with either a STAT3 inhibitor or an miRNA inhibitor may be a useful strategy to prevent chemoresistance in patients with ALK(+) ALCL and other ALK(+) malignancies.
miR-155
miR-155, showed a significantly higher expression in ALK(−) ALCL compared to ALK(+) ALCL [31, 33] . An inverse correlation between miR-155 promoter methylation and miR-155 expression was reported in ALK(+) ALCL, but no direct effect of the ALK kinase on methylation of the MIR155 gene was observed [32] . Overexpression of miR-155 in ALCL ALK(+) cell lines was shown to reduce levels of the transcription factor C/EBPβ (CCAAT/enhancer binding protein beta) and the suppressor of cytokine signaling-1 (SOCS1) [32] . In murine engraftment models of ALK(−) ALCL, anti-miR-155 molecules reduced tumor growth, raised tumoral levels of cleaved caspase-3 and increased SOCS1 expression, leading to the suppression of STAT3 signaling. Moreover, miR-155 was found to induce interleukin-22 (IL-22) expression and suppress the C/EBPβ target interleukin-8 (IL-8), two pro-inflammatory cytokines that are also endogenously produced by ALK(+) ALCL cells [44, 45] ( Tables 2 and 3 ). These data suggest that miR-155 can act as a driver of tumorigenesis in ALCL ALK(−), making it the first molecular therapeutic target for ALK(−) ALCL [19, 32] .
miR-203
Two independent studies found miR-203 to be significantly upregulated in both ALK(+) ALCL cell lines and primary tumors but not expressed in normal T-cells, the ALK(−) ALCL cell line Mac-1 and ALK(−) primary cases [27, 35] . Although its function remains elusive, miR-203 seems to play a role in the immune response through the regulation of SOCS-3 [35] . Furthermore, miR-203 was identified by Steinhilber and colleagues as part of a signature of three miRNA (miR-181a, miR-146b-5p and miR-203) significantly regulated by the C/EBPβ transcription factor, which is specifically overexpressed in ALK(+) ALCL cell lines and shown to promote tumoral cell proliferation and survival (Tables 2 and 3 ).
MicroRNA Suppressors of ALCL Development
2.3.1. miR-101, miR-29a and miR-150: Suppressors of Cell Proliferation and Survival miR-101 was found to be down-regulated in ALK(+) and (−) human ALCL and CD4/NPM/ALK transgenic mouse models, but its forced expression increased the number of cells arrested in G1 phase of the cell cycle only in ALK(+) and not in ALK(−) ALCL cell lines The serine/threonine kinase mTOR was shown to be targeted by miR-101, and its inhibition led to reduced tumor growth in engrafted ALCL mouse models, suggesting that mTOR inhibitors may offer a viable therapeutic strategy [31] . This attenuated cell proliferation was also likely to be a result of downregulation of miR-101 targets, such as the pro-survival protein Mcl-1 [31] . Our laboratory showed for the first time that ALK(+) ALCL cell lines (SU-DHL-1, KARPAS-299, Pio and COST) and biopsy specimens express low levels of miR-29a [42] . We found that the repression of miR-29a is dependent on NPM/ALK and STAT3, as demonstrated by siRNA-mediated ALK or STAT3 knockdown (further described in paragraph 3) [42] . Enforced miR-29a expression was shown to modulate apoptosis through repression of the pro-apoptotic factor MCL-1 in ALCL cell lines in a xenograft model, with a concomitant reduction in tumor growth. Decreased MCL1 expression also correlated with an increased sensitivity of cells to doxorubicin [42] .
Levels of another miRNA, miR-150, were also shown to be reduced in ALK(+) ALCL cell lines and biopsy specimens as a consequence of the activity of the ALK kinase (further described in paragraph three) [37] . We could show that miR-150 is a tumor suppressor miRNA in ALK(+) ALCL cells. Indeed, miR-150 overexpression led to a drastic inhibition of cell growth and tumor formation through repression of its downstream target MYB, a master regulator of proliferation in ALK(+) ALCL cells [37] (Table 3 ).
miR-181a and miR-16 as Regulators of Tumor Microenvironment miR-181a regulates T-cell differentiation and modulates TCR (T Cell Receptor) signaling strength.
It was shown to be significantly downregulated in a large proportion of ALK(+) ALCL tumors. In addition, this miRNA is one of the three miRNA (miR-181a, miR-146b-5p and miR-203) regulated by the C/EBPβ transcription factor. Thus, the decreased expression of miR-181a and the increased expression of miR-203 in ALK(+) ALCL might provide a mechanism by which these tumors escape immune surveillance. We have also demonstrated that NPM/ALK modulates the tumor microenvironment, including the stimulation of angiogenesis [38, 45] . Indeed, using our conditional NPM/ALK lymphoma transgenic mouse model [46, 47] , we observed that ALK works alongside HIF1α to boost VEGF (Vascular endothelial growth factor) expression by down-regulating miR-16, an inhibitor of VEGF mRNA [38] . Moreover, injection of miR-16 into the tumors of nude mice was found to decrease tumor growth in vivo [38] . These studies demonstrate how antiangiogenic and vascular normalization therapies may become attractive therapeutic targets in ALK(+) ALCL [48] (Table 3 ).
MiR-21, miR-26a and miR-219
miR-21, miR-26a and miR-219 are also known to be repressed by an NPM/ALK/STAT3-dependent mechanism, and their targeting could represent another way to improve therapeutic approaches. In SU-DHL-1cells, NPM/ALK induces the expression of ICOS, a T-cell growth-promoting costimulatory receptor that amplifies the signal generated by the antigen-specific TCR, and NPM/ALK-mediated activation of STAT3 suppresses the expression of the ICOS inhibitor miR-219 [40] . The downregulation of NPM/ALK or STAT3 by siRNA was also associated with a significant increase in miR-26a levels and a marked decrease in levels of the iNOS (Nitric oxide synthase) protein, which promotes lymphocyte survival and protects them from apoptosis [41] . Restoration of miR-26a in ALK(+) cells was associated with a marked decrease in iNOS protein expression, and this was associated with a reduction in nitric oxide (NO) release and a decrease in viability, adhesion to endothelial cells and migration. Moreover, negligible levels of miR-26a were detected in ALK(+) ALCL cell lines (KARPAS-299 and DEL) and tumor samples. On the contrary the expression of the iNOS protein was found to be pronounced in these samples (Table 3) .
DNA Methylation Deregulation in ALK-Positive ALCL
Epigenetic alterations are frequently found in diverse malignant diseases, and epigenetic gene silencing plays a key role in inhibiting tumor suppressor gene expression in cancer cells [49] . Gene silencing usually takes place at promoter regions and is executed by two principal mechanisms: methylation of the DNA within the CpG-enriched sequences, and histone modification. In the mammalian genome, the covalent addition of a methyl group takes place at cytosine residues that are located next to a guanine residue (CpG dinucleotide). DNA methylation of the promoter region inhibits the transcription of their genes, including miRNA genes [50] . In cancer, the methylation of tumor suppressor gene regulatory regions often leads to their downregulation, potentially playing a pathogenic role in carcinogenesis and the resistance to apoptosis-inducing drugs [51] . Both losses and gains in DNA methylation are often found concurrently in cancer. Indeed, the DNA methylation profile of tumors is frequently characterized by global hypomethylation and simultaneous hypermethylation of CpG islands, specific genomic regions containing a high frequency of CpG sites. A loss of methylation affects repetitive genomic elements, intergenic regions and gene bodies, whereas methylation gains mostly occur in the promoter, the 5 untranslated region (5 UTR) or the first exons/introns of a gene, explaining why gene methylation and transcription are usually inversely correlated. Nearly 70% of annotated gene promoters in the human genome contain a high CpG content.
DNA methylation is directly mediated by three members of the DNMT family, DNMT1, DNMT3A, and DNMT3B, which carry out and maintain the methylation of CpG dinucleotides [52, 53] . DNA methylation can be reversed by treatment with DNMT inhibitors such as 5-azacytidine (5-aza-CR, Vidaza ® , Celgene Corp., Summit, NJ, USA) or the more stable 5-aza-2 -deoxycytidine (5-aza-CdR, decitabine, Dacogen ® , SuperGen, Inc., Dublin, CA, USA), which become incorporated into the DNA of actively proliferating cells. Upon incorporation, they form covalent complexes with DNA methyltransferases and thus trap the enzymes at DNA sites. At low doses they inhibit the propagation of DNA methylation during each round of replication, whereas at high doses cytotoxic side effects can occur [54] . In NPM/ALK(+) cell lines and/or malignant lymph node biopsies from patients, promoter methylation has been shown to silence genes important for cell proliferation and survival, such as the cell cycle inhibitor p16INK4a, the cytokine TNFα which can trigger apoptosis, and both nuclear factors of activated T-cells 1 (NFATC1) and BIM, two proteins which transduce pro-apoptotic signals (Table 3 ) [39, [55] [56] [57] . NPM/ALK was also shown to induce BIM methylation through the recruitment of a co-repressor complex including HDAC1/2 in association with the transcriptional regulatory protein SIN3a, however NPM/ALK was dispensable for maintaining BIM epigenetic silencing [57] .
In other mechanistic models, NPM/ALK has been implicated in the upregulation and recruitment of DNMT1 to the promoters of genes such as SHP1, STAT5A and ILR2γ, via its activation of the transcription factor STAT3 (Table 3) [39, 58, 59] . STAT3 was also shown to form a complex with HDAC-1 and DNMT1 to bind and repress SHP1 transcription. The restoration of SHP1 expression by 5-aza-2 -CdR was associated with the downregulation of STAT3 signaling [58, 60] . The protein products of the SHP1, STAT5A and ILR2γ genes act as tumor suppressors by interfering with the expression of NPM/ALK [39, 58, 59] . The NPM/ALK-STAT3 axis also promotes methylation-induced silencing of several components of T-cell receptor (TCR) signaling and T-cell identity such as ZAP70, CD3 and SLP76 (Table 3 ) [61] . More recently, a genome-wide DNA methylation analysis reported the hypermethylation of the gene coding for the TCR co-stimulatory protein CD28 and the immune checkpoint receptor CTLA-4 in primary NPM/ALK(+) ALCL (Table 3 ) [62] . Thus, accumulating data shows that the DNA methylation and silencing of tumor suppressor genes plays a key role in NPM/ALK-induced malignant transformation. Accordingly, human ALCL cell lines and primary tumors were found to have high DNMT1 expression, and gene silencing in NPM/ALK(+) cell lines was shown to be reverted by demethylating drugs, even at low doses [63] . 
Crosstalk between microRNA and DNA Methylation Reveals Potential Targeted Therapies and Biomarkers for ALK-Positive Cancers
Differential expression of miRNA in cancer cells can be caused by several mechanisms, most notably genetic instability (amplification, deletion or translocation). Approximately 50-70% of miRNA genes are located at fragile genomic sites that are frequently affected by copy number alterations. In addition, a number of transcription factors regulate miRNA transcription, and their dysregulation in cancer cells in turn affects the expression of miRNA [65] . Following activation by NPM/ALK, STAT3 has a profound inhibitory effect on miRNA gene expression by recruiting the epigenetic gene silencing complex containing DNMT to gene promoters [21, 37, 42] . In ALK(+) cells, STAT3 activation enhances the general activity of the gene silencing machinery by promoting the expression of DNMT1, the key component of this machinery, by both directly activating the DNMT1 gene and suppressing the expression of the DNMT1 mRNA inhibitor miR-21 [39] .
Our laboratory showed for the first time that ALK(+) ALCL cell lines and primary tissues express low levels of miR-29a likely mediated by the hypermethylation of the MIR29A promoter dependent on NPM/ALK activity and STAT3. This repressive methylation is catalyzed by DNMT1 and DNMT3b and can be partially reversed by treatment with 5aza-CdR and, albeit to a lesser extent, after NPM/ALK knockdown by siRNA [42] . As mentioned in Section 2.3.1 the main consequence of miR29a loss in ALK(+) ALCL cells is an increase of cell survival via the high expression of the anti-apoptotic factor MCL-1, a bona fide miR-29a target. Levels of another tumor suppressor miRNA, miR-150 (mentioned in Section 2.3.1), were also reduced in the NPM/ALK(+) ALCL cell lines and biopsy specimens as a consequence of DNA hypermethylation, with DNA hypermethylation-mediated miR-150 repression also shown to require ALK-dependent pathways [37] . Moreover, epigenetic silencing of miR-150 was due to the activation of STAT3 which regulates DNMT1 expression. Accordingly, miR-150 repression was turned off following treatment with the DNMT inhibitor, decitabine, and in murine NPM/ALK(+) xenograft models miR-150 upregulation was found to induce anti-neoplastic activity [37] . Furthermore, both the treatment of crizotinib-resistant NPM/ALK(+) KARPAS-299-CR06 cells with decitabine and ectopic miR-150 expression reduced viability and growth [37] .
In conclusion, the aberrant DNA methylation of specific miRNA genes offers potentially useful biomarkers for detecting cancer and predicting its outcome. This knowledge is essential for selecting vulnerable targets and addressing innovative therapies such as hypomethylated agents. Indeed, our results suggest that a hypomethylating therapeutic strategy, either alone or in combination with other agents, may benefit ALK(+) patients that harbor tumors resistant to crizotinib and other anti-ALK tyrosine kinase inhibitors.
Conclusions
In this review we have discussed recent work on the DNA methylation of coding and non-coding genes with a particular interest in the aberrant DNA methylation of miRNA. The last two have been found to be associated with carcinogens and therapeutically-targeted molecules in NPM/ALK(+) ALCL. Because miRNA are far less degraded in FFPE samples than mRNA and are present not only in cancer tissues but also in bodily fluids, miRNA analyses offer more diagnostic potential for cancer research. Furthermore, the activation of tumor-suppressive miRNA and the inhibition of oncogenic miRNA may have the potential to provide a fundamentally new approach for the development of therapeutics for many cancers, including ALK(+) ALCL. Further research on the use of methylated miRNA genes as diagnostic markers and the feasibility of conducting hypomethylated treatments in clinical practice is warranted. In addition, we have also introduced the idea of methylated-miRNA as modulators of the tumor immune response. Epigenetic therapy has recently been reinvigorated due to its reported ability to induce viral mimicry in its exploitation as a priming agent for targeted immune checkpoint modulation [66] . In this connection, the repression of the immune checkpoint inhibitor CTLA-4 by DNA methylation in ALCL can provide appropriate justification for the epigenetic therapy with the objective of re-sensitizing lymphoma cells to checkpoint regulation [62] . Given the all but inevitable ALK inhibitor resistance, it is more than likely that drug combination therapies targeting not only ALK but also DNA methylation will be required in order to achieve durable complete remission or cure in the majority of patients with ALK(+) ALCL and other ALK-driven malignancies.
